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CONVERSION FACTORS, INCH-POUND TO METRIC (SI)
UNITS OF MEASUREMENT

Inch-pound units of measurement used in this report can be converted

to metric (SI) units as follows:

Multiply By To Obtain

feet 0.3048 metres

inches 25.4 millimetres

kips (force) 4448.222 newtons

kips (force) per foot 1459.3904 newtons per metre

kips (force) per inch 175126.8 newtons per metre

kips (force) per square foot 47.88026 kilopascals

kips (force) per square inch 6.894757 megapascals

kip (force)-feet 1355.818 newton-metres

kip (force)-inches 112.9848 newton-metres

pounds (force) 4.448222 newtons

pounds (force) per square inch 0.006894757 megapascals

pounds (mass) per cubic foot 16.01846 kilograms per cubic
metre

square inches 6.4516 square centimetres

3
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STRENGTH DESIGN OF REINFORCED CONCRETE

HYDRAULIC STRUCTURES

PRELIMINARY STRENGTH DESIGN CRITERIA

PART I: INTRODUCTION

Background

1. Since 1963 the structural engineering profession has been grad-

ually adopting the strength design (SD) approach in lieu of the working-

stress method that is the basis of current Engineer Manual EM 1110-1-2l11

"Working Stresses for Structural Design" (Office, Chief of Engineers

1963). This EM permits the use of the SD method, but does not provide

adequate guidance for proportioning structural members for strength and

service requirements. The SD criteria for reinforced concrete hydraulic

structures (RHS) need to be developed for several reasons:

a. The American Concrete Institute (ACI) Builainq. Code tnd the
American Association of State Highway and Transportation
Officials (AASHTO) Bridge Code are not directly applicable
to hydraulic structures.

b. The SD approach is more realistic and is potentially capable
of producing more economical structures without compromising
safety requirements (Winter and Nilson 1972).

c.Structural engineering research in the United States and
abroad will only be updated in terms of the SD approach.

d.Engineering schools are only emphasizing the SD approach in
their design courses; recent and future engineering gradu-
ates will not be familiar with the working-stress method.

2. Consequently, a comprehensive study was initiated at WES in

1978 to develop a realistic SD methodology for RCHS and to devise an

accurate and efficient design procedure for implementing these SD

methods.

ObJective

3. The purpose of the first phase of' study was to develop general
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SD criteria that will yield designs (i.e. member dimensions and rein-

forcements) equivalent to those designed by the working-stress method

for RCHS. The results of this first phase study are reported herein.

The second phase of this study, which will be initiated in FY 80, will

develop a realistic SD methodology and practical procedure that accounts

for the special loading and service characteristics of particular RCHS.



PART II: STRENGTH DESIGN CRITERIA

Introduction

4. This part defines the strength design criteria for rein-

forced concrete hydraulic structures. The considerations and backgroundV
informration used in developing these criteria are given in Part III.*

Examples for designing typical hydraulic structural members using the

strength design method are given in Appendix A.

5. A hydraulic structure is defined as a structure that will be

subjected to submergence, wave action, spray, chemically contaminated4

atmosphere, and severe climatic conditions (OCE 1963). Typical hydraulic

structures are stilling basin slabs and walls, concrete-lined channels,

portions of powerhouses, spillway piers, spray walls and training walls,

flood walls, intake and outlet structures below maximum high water and

wave action, lock walls, guide and guard walls, and retaining walls

subject to contact with water (OCE 1963).

6. Reinforced concrete hydraulic structures may be designed with

the strength design method in accordance with the current "Building

Code Requirements for Reinforced Concrete," ACI 318-77** (ACI 1977a)

except as hereinafter specified. The notations used are the same as

those used in ACI 318-77, except those defined in this report.

Strength Requirements

Required strength

7. Reinforced concrete hydraulic structures and structural members

shall be designed to have design strengths at all sections at least

equal to required strengths calculated for the factored loads and forces

in the following combinations that are applicable:t

*Part III is a commentary on the criteria.
**Hereinafter referred to as ACT 318-77.
t Both the full and zero values of L in Equations 3 and 4 shall be
considered to determine the more severe condition.
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U 1.5D + 1.9 (L + H + H + F + F + F) (1)w p w p u

U 0.9D+1.9(H +H + Fw+ Fp + F) (2)

U 0.75 [I.5D + 1.9 (L + H + H + F + F
w p w p

(3)

+ F + P + W + T)]
u

U = 0.75 [1.5D + 1.9 (L + H + H + F + F + F + Pw p w p u

+ E + T)]

where

H = earth mass, or related internal moments and forcesw
H = lateral earth pressure, or related internal moments and forcesp
F = water mass, or related moments and forces

w
F = lateral water pressure or related internal moments and forcesP
F = vertical uplift pressure or related internal moments and forces

u

P = additional pressure due to wave action

Base reactions for
hydraulic structures

8. The factored base reactions for most hydraulic structures shall

be approximated by applying a load factor of 1.5 to 1.9 to the base

reactions obtained from a stability analysis for unfactored normal load

cases. Factored base reactions for abnormal load cases shall be approxi-

mated by applying reduced load factors to the base reactions from appro-

priate stability analyses, consistent with paragraph 7.

Design strength for reinforcement

9. Design shall be based on a 40,000-psi yield strength of rein-

forcement for Grades 40 and 60 steel (American Society for Testing and

Materials 1978). The reinforcement with yield strength in excess of

Grade 60 shall not be used, except for prestressing tendons.

7



Serviceability Requirements

Distribution of
flexural reinforcement

10. For reinforced concrete hydraulic structures, spacing of

flexural tension reinforcement shall not generally exceed 12 in.*

11. The spacing of flexural tension reinforcement exceeding the

limit specified in paragraph 9, but less than 18 in. may be used if it

can be justified. Tn no case shall the flexural tension reinforcement

spacing exceed 18 in.

Shrinkage and

temperature reinforcement

12. Area and spacing of shrinkage and temperature reinforcement

shall be in accordance with the requirements specified in EM 1110-2-

2103 (OCE 1971), or in appropriate Engineering Manuals for specific

structures.

Details of reinforcement

13. Bending and splicing of reinforcement, minimum reinforcement

spacing, and minimum concrete cover for principal reinforcement shall

be in accordance with the requirements specified in EM 1110-2-2103

(OCE 1971).

Control of deflections

14. Deflections at service loads need not be computed if the

limits of the reinforcement ratio specified in paragraph 16 are not

exceeded.

15. For reinforcement ratios exceeding the limits specified in

paragraph 16, deflections shall be computed in accordance with Sec-

tion 9.5 of ACT 318-77, or other methods that predict deflections in

substantial agreement with the results of comprehensive tests.

SA table of factors for converting inch-pound units of measurement
to metric (SI) units is given page 3.
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Flexure and Axial Loads

Maximum tension rein-
forcement of flexural members

16. For flexural members, and for members subjected to combined

flexure and compressive axial load when the design axial load strength

*P is less than the smaller of either 0.10 fIA or P the ratio
n b

of tension reinforcement p provided shall not generally exceed

0.25 P b*

17. Reinforcement ratios exceeding the limits specified in para-

graph 16 but less than 0.50 P b may be used if deflections are not

shown to significantly affect the operational characteristics of the

structure.

18. Reinforcement ratios in excess of 0.50 P~ shall not be used

unless a detailed investigation (e.g. laboratory testing, linear or

nonlinear finite element analyses) of serviceability requirements,

including computation of deflections, is conducted in consultation with

higher authority.

Minimum reinforce-

ment of flexural members

19. At any section of a flexural member where tension reinforce-

ment is required by analysis, the minimum reinforcement requirements

specified in ACT 318-77 shall apply except that the f shall be in
y

accordance with paragraph 9.

Combined flexure and axial load

20. The design axial load strength 4P nof compression member

shall not be taken greater than the following:

*P (a) = 0-*74Ag(0*.85fc, + f yPg9) (5)

The reinforcement ratio for conduits or culverts, designed ind

accordance with EM 1110-2-2902 (OCE 1969), shall not generally

exceed 0.375 P b

9



where p is the ratio of area of reinforcement to the gross concrete

area, Ag
21. The strength of a cross section is controlled by compression

if the factored axial load P has an eccentricity e no greater thanu

that given by Equation 6, and by tension if e exceeds this value.

p'm(d - d') + 0.1 d (6)
eb - Om + 0.6

where

f

0.85f'c

22. Sections controlled by compression shall be proportioned by

Equation 7.*

*p MPn + On 1 V
P~~ (7)

where

PA 0.65 (1 + P V)fAg

MF = 0.11 f'bh2

c

23. For sections controlled by tension, the moment strength OM
n

shall be considered to vary linearly with the axial load strength 4Pn

from OM (when the section is in pure flexure) to OMb (when the

axial load strength is equal to OP ); O and OPb shall be deter-

mined from eb and Equation 7); OM from Equation 8.

OM = Opfybd2( - 0.59 p (8)

* For conduits or culverts, MF = 0.1h f'bh2
c

10



Shear Strength Requirements

24. The nominal shear strength V provided by concrete shall be
c

computed in accordance with ACT 318-77 except as modified by paragraphs

26-28.

25. Provisions of paragraphs 26 and 27 shall apply to straight

members as follows:

a. Members with an ultimate shear strength limited to the
load capacity that causes formation of the first inclined
crack.

b. Members with beams or frames having rigid, continuous
joints or corners.

c. Members subjected to uniformly distributed loads, or loads
closely approximating this condition.

d. Members subjected to internal shear, flexure, and axial
compression, but not axial tension.

e. Members with rectangular cross-sectional shapes.

f. Members with 9. /d less than 10 and V' not more than
6000 psi. n c

~.All straight members designed in accordance with para-
graphs 26 and 27 shall include the stiffening effects of
wide supports and haunches in determining moments, shears,
and member properties.

h. The reinforcing details for all straight members designed
in accordance with paragraphs 26 and 27 shall meet the
following requirements:

(1) Straight, full-length reinforcement shall be used.
Flexural reinforcement shall not be terminated even
though it is no longer a theoretical requirement.

(2) Reinforcement in the exterior face shall be bent
around corners and shall have a vertical lap splice in
a region of compressive stress.

(3) Reinforcement in the interior face shall extend into
and through the supports.

i. Shear strength for straight members shall not be taken
greater than20Fbd when 9./d is between 20 and 10

V

Vc P2 b 11



26. At a distance 0.15 Zn from the face of the support, for
n

straight members with R /d between 2 and 6
n

Vc  (11.5 - 1 + 9 bd (10)

27. At points of contraflexure, for straight members with R /dn

between 6 and 10

(o.o46 + p) 12 + f4

v 1100 [l~o19 + L' U1 C bd (iV2=)ll,000

The length 2' is the distance between the points of contraflexure.

28. At points of maximum shear, for uniformly loaded curved cast-

in-place members with R/d > 2.25 where R is the radius of curvature

to the centerline of the member

N

V = 4 1 + { bd (12)

but the shear strength shall not exceed I0Vf' bd
c

29. Shear strength based on the results of detailed model tests

approved by higher authority shall be considered a valid extension of

the provisions in paragraphs 26-28.

12



PART III: COMMENTARY

30. This part discusses some of the considerations and back-

ground information used in developing the strength design criteria con-

tained in Part II.

31. As an alternative to the working-stress design method for rein-

forced concrete hydraulic structures, the design provisions of ACI -18-77

(ACI 1977) are generally applicable. However, because of the unique

strength and serviceability requirements of the RCHS, some design cri-

teria of ACI 318-77 need to be modified. The specific design criteria

that are different from those of ACI 318-77 are given in Part 11. A

comparison of the design criteria for RCHS and ACI 318-77 is presented.

in Appendix B. Most of the notations used in Part II are the same as

those used in ACI 318-77 and therefore are not defined. Special nota-

tions that are not used in the ACI 318-77 have been defined in Part II.

Strength Requirements

Reauired strength

32. The dead load factor of ACI 318-77 is increased from 1.h to

1.5 to account for the greater load uncertainties for hydraulic struc-

tures. The live load factor is increased from 1.7 to 1.9. The basis

for this modification is discussed in subsequent paragraphs.

33. Considering the loading combination of live and dead loads,

the required capacity of a flexural member shall be at least equal to

Mu = K 01

where

M = required factored moment capacityu

KD = dead load factor

MD = bending moment due to dead load

KL = live load factor

ML = bending moment due to live load

13



34. Since designs using the working-stress design method specified

in EM 1110-1-2101 (OCE 1963) are satisfactory, the strength design

method should yield equivqlent designs. Therefore

M = (L F)Mw  (14)u F

where

LF = overall load factor

M = required moment capacity derived from working-stress methodw

Substituting Equation 14 into Equation 13

(LF)M w = KMD + KLA (15)

35. Recent studies indicated that the overall load factor is ap-

proximately 1.9 for p < 0.25 Pb and 0 = 0.90 (Figures 1 and 2).

Substituting 1.9 for LF into Equation 15

1.9M = K + KLM (16)w A L

Since M

then

MD ML

(17)

MD

D MD +L MD
ML+L ML +1

Let

M

ML
114
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and

1 1 (18)
D 1a + KL 1+ L

or

KL . 9 (1+ a) -0K% (19)

Since

KD 1.5

therefore

KL = 1.9 + 0.4a (20)

It can be seen for a given KD that the value of KL is not a constant

but a function of a (Figure 3).

36. For many hydraulic structures, the dead load of the concrete

structure is much smaller than the live load: a - 1 . To be consistent

with the concept of constant live load factor used in ACI 118-77, the

value a is assumed to be zero; and therefore

K L=1.9(2

In special cases where the dead load effects are significant, a larf-er

KL  shall be used, and in these cases KL  should be determined fromi

Equation 20.

37. In paragraph 7, a load factor of 1.9 was chosen for all load-

ings due to lateral earth pressure, earth weight, lateral water pressure,

vertical uplift pressure, water weight, wave pressure, wind ]hnd;,

16
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FiCure 3. Relation between KL and a(KD = 1.5)

earthquake effects, and the effects of temperature, creep, shrinkage,

and differential settlement. Load factors, depending upon the degree

oI unertainty of loads considered can be determined usingt a probabilis-

ti,! approach (Appendix C) and will b, refined during future phases of

thi; ;tudy.

38. The reduction factor of 0.75 used in Equations 3 and )4 is

consistent with the provision of increasing the allowable stresses by

33-1/3 percent for Group II loadings (OCE 1963) for the working7-stress

designs.

Base reactions for
hydraul ic structures

9. Theoretically, the base reactions for hydraulic structures

should be evaluated from the factored loads such as earth pressures,

water pressures, and structural weirhts. However, since the bearinr

pressures are caused by loadings with different load factors, such a

procedure will cause relocation of the resultirg- eccentricities and lead

to base reactions that are in principle different from those obtained

17



under service load conditions. For the purposes of design, paragraph 8

specifies that a load factor between 1.5 and 1.9 be applied to the base

reactions obtained from the investigation of the service load conditions.

A weighted average method, as given in Equation 22, may be used for

determining the load factor for base reaction for strength design:

KD IDI + KHf IH I + K IH I + KN IF I +Kn, IFI +K'Iu
B Iol + IHw + IHpl + I FI + IF + IF u I (22)

where

KB = load factor for bearing pressure

KD = load factor for dead load

KHw = load factor for earth weight

KH  = load factor for lateral earth pressure

KFw = load factor for water weight

KF  = load factor for lateral water pressure

KFu = load factor for uplift pressure

11= absolute value of the load considered
Justification for selecting an appropriate load factor should be sub-

mitted to the higher authority.

Design strength for reinforcement

40. Paragraph 9 limits the yield strength of reinforcement for

design to 40,000 psi. This limit is more restrictive than ACI 318-77,

which placed the upper limit at 80,000 psi. Since the maximum width of

crack due to load is approximately proportional to stress in reinforce-

ment, this limit is necessary to minimize the crack width in the hydrau-

lic structures.

Serviceability Requirements

Distribution of
flexural reinforcement

41. Control of cracking in RCHS is particularly important. RCHS
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designed by the working-stress method have low concrete and steel

stresses and have served their intended functions with very limited

flexural cracking.

42. The ACI 318-77 criteria for distribution of flexural reinforce-

ment in beams and one-way slabs is based on the results of small beam

tests (Gergely and Lutz 1968). The present ACI criteria may not be

applicable for large RCHS members.

43. Extensive investigation of the cracking phenomenon in rein-

forced concrete structures revealed that smaller bar sizes placed at

closer spacings are more effective in controlling flexural cracking than

a few larger bars of equivalent area placed at wider spacing between

bars (ACT 1972). The best crack control is obtained when the reinforce-

ment is well distributed over the zone of maximum concrete tension. The

provisions of paragraph 10 limiting the bar spacing to 12 in. are empiri-

cal but have been used satisfactorily for hydraulic structures.

Shrinkage and

temperature reinforcement

44. Volume changes in concrete due to drying shrinkage, heat of

hydration of cement, and seasonal variations in temperature in restrained

members can produce excessive tensile stresses and thus cause wide

cracks. Therefore, shrinkage and temperature reinforcement is required

at right angles to the principal reinforcement to prevent excessive

cracking.

45. EM 1110-2-2103 (OCE 1971) classifies three degrees of restraint

for concrete hydraulic structural members: unrestrained, restrained,

or partially restrained. The areas of reinforcement required vary from

0.2 percent to 0.4 percent depending on the degree of restraint. The

shrinkage and temperature reinforcement requirements for conduits or

culverts given in EM 1110-2-2902 (OCE 1969) shall be satisfied.

Details of reinforcement

46. According to EM 1110-2-2103 (OCE 1971), the bending and

splicing of reinforcement shall conform to ACT 318-77.

47. The maximum size of coarse aggregate used in hydraulic struc-

tures is generally larger than that used in building structures.

19



Therefore, the bar spacing requirements specified in EM 1110-2-2103

(OCE 1971) are generally larger than those of ACI 318-77.

48. Thick concrete covers (from 14 to 6 in.) for hydraulic struc-

tures are generally required not only for protection of reinforcement

against corrosion but also for erosion protection against abrasion and

cavitation.

Control of deflections

49. The members designed by strength-design methods are often

more slender than those designed by working-stress methods. Reasons for

this include (a) the use of large steel ratios and (b) the use of high-

strength steel and concrete. Because the deflection of slender members

may in some cases exceed desirable limits, paragraph 15 specifies that

deflection shall be checked when the reinforcement ratio exceeds 0.25%

(or 0.375p for conduits or culverts).
b

Flexure and Axial Loads

Maximum reinforce-

ment of flexural members

50. The limitation on the amount of tensile reinforcement that may

be used in a flexural member is to ensure that flexural members designed

by the strength criteria will have ductile behavior.

51. The maximum tension reinforcement of flexural members for hy-

draulic structures is limited to 0.25Pb and to 0.375Pb for conduits

or culverts. The derivation of this limitation is given in Appendix D.

This limit is much smaller than 0-75pb allowed in ACT 318-77. The

low reinforcement limit will result in a stiffer structure, which is

considered desirable for hydraulic structures.

52. For unusual situations when a larger amount of reinforcement

is necessary because of physical constraints on member dimensions due to

functional or esthetic requirements, paragraph 17 limits the reinforce-

ment ratio to 0 -50 Pb provided that the deflection criteria specified

in paragraphs 114 and 15 are met.
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Minimum reinforce-
ment of flexural members

53. This provision applies to members that for functional or other

reasons are much larger in cross section than required by strength

consideration. The computed moment strength as a reinforced concrete

section with very little tensile reinforcement becomes less than that of

the corresponding plain concrete section computed from its modulus of

rupture. Failure in such a case could be quite sudden. A minimum per-

centage of reinforcement should be provided to prevent such a mode of

failure.

Combined flexural and axial load

54. The strength design procedure for members subjected to com-

bined flexure and axial load can be summarized in Figure 4.

p

PA =1.
9 

Pa 0.65 (1 + p,,m) 'fA

EO 5

)Pn (MAX)N

a C~

'211 C, b

figur t yia itrcio iga

o' .21
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55. For zero or small eccentricities (interval ac ), the strength

of a section is that for concentric compression (Equation 5). Equa-

tion 5 is derived to yield OPn(max) approximately 1.9 times the maxi-

mum allowable axial load calculated by the working-stress method using

Section 1403 of ACI 318-63. The Pn(max) calculated by Equation 5 is

about .10 percent less than that computed by Equation (10-2) of ACI

318-77.

56. For moderate eccentricities, when compression governs in the

interval cb , the interaction Equation 7 applies. It is represented

by the straight line connecting PA (when M = 0) and 1 (when P = 0).

In that range, one determines 4P and M from Equation 7 and corn-

pares Pn with Pn(max) as calculated from Equation 5. The smaller

of the two is the design strength.

57. Point b determines the boundary between members governed by

compression and those governed by tension. It can be determined by cal-

culating eb from Equatior 6 and then Pb from Equation 7.

58. For large eccentricities, when tension governs, a linear

variation is assumed between the moment Mbat the balance point b

and M for simple flexure, shown by straight line bd0

59. It can be seen from Figure 4 that the general shape of the

figure acbd is very similar to the interaction diagram for working-

stress design specified in ACI 318-63 (ACI 1963). The similarity of the

figures comes from the fact that the SD criteria are devised to provide

comparable design with the conventional working-stress design methods.

Shear Strength Requirements

Shear strength provided by concrete

60. In general, for retaining walls or flood walls, the V shallc

be computed in accordance with Section 11.3.2 of ACI 318-77. The maxi-

mum shear for horseshoe-shaped conduits or culverts will generally occur

in the base slab near the walls at a point of high moment, shear, and

axial thrust. In this case, the Vc  shall also be computed in accor-

dance with the provisions of Section 11.3.2 of ACI 318-77. For thick

22

./I



horseshoe-shaped conduits or culverts with /d less than 5, the

special provisions for deep flexural members given in Section 11.8 of'

ACT 318-77 may be used, if' appropriate. Paragraphs 26 and 27 shall

apply.4

61. The walls of' an intake structure generally have high uniform

loads caused by either water pressure or earth embankment fill that re-

su~lt in high axial compression thrusts on the members. Section 11.3 of'

ACT 318-77 shall be used to compute V . When the structural conditions
c

of' intake structure walls are clearly similar to the box conduits inves-

tigated in the laboratory (Diaz de Cossio and Siess 1969 and Ruzicka

et al. 1976), Equations 10 and 11 may be used. The special provisions

for deep flexural members given in ACT 318-77 may apply to some intake

structure walls; however, since there is no provision for axial loads,

the results will usually be too conservative. Paragraph 28 is generally

applicable to uniformly loaded circular or oblong conduits or culverts.

62. For hydraulic structures, the factored shear force V will
u

not generally exceed the shear strength provided by concrete 4V ; and
c

therefore, shear reinforcement is not normally required. However, in

certain areas where V does exceed V ,shear reinforcement shall

be provided in accordance with Section 11.5.6 of ACT 318-77.

63. The limitations for using Equations 10 and 11 are specified in

paragraph 25. These requirements are necessary to ensure that the actual

structural performance is consistent with the modes of' failure observed

in comprehensive tests performed at the University of' Illinois by Diaz

de Cossic and Siess (1969), Gamble (1977), and Huzicka (Ruzicka et al.

1976). Special attention should be given to the following:

a. In frames of normal proportions, the supporting member can
be idealized as a line structure in determining moments
and shears. However, as the widths of the supporting
members become larger relative to the span (e.g., in a4
thick-walled multiple opening conduit), it becomes neces--
sary to take these widths into account if the distribution
of moments is to be adequately predicted. As the supports
become wider, one must also reconsider the definition of
the span (clear span or center-to-center span), and the
effects of the growing Joint areas on the flexural stiff-
ness factors. The recommended idealization of thick box
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conduits with and without haunches can be found in Diaz
de Cossio (1969) and Gamble (1977).

b. The reinforcing details, including the lengths of bars, the
locations of bar terminations, and the locations of bends
should be consideredi both to ensure the adequate behavior
of the structure and to minimize material and fabrication
costs. The outside reinforcement should be bent around
the corners in a thick-walled multiple opening conduit,
and the vertical bars should then be lap-spliced in accor-
dance with ACT 318-77. All other bars are straight and
full length. Nio bars should be cut off short, even though
in some cases the shape of the bending moment diagrams
might appear to allow this to be done. The extensions of
the inside bars (bottom bars in top member, top bars in
bottom member, and inside bars in exterior vertical mem-4
bers) into and nearly through the supports are
recommended.

614. The bent bars have been used in some box conduits, but these

become quite inefficient and ineffective when members with small k /d

values are considered. The use of all straight bars rather than bent

bars is recommended for thick-walled conduits.

65. For thick-walled reinforced concrete box conduits or culverts,

the lower bound of the nominal shear strength given in Equation 10 is

obtained from Buzicka et al. (1976). Equation 10 is only applicable

when the technical requirements specified in paragraph 214 are met.

66. Equation 11 is obtained from Diaz de Cossio and Siess (1969),

and is generally applicable to box conduits or culverts with k /d be-

tween 6 and 10. The requirements specified in parag.aph 25 should also

be met. For box conduit sections of ordinary dimensions, the critical

member for shear is usually the horizontal member.

67. Equation 12 is derived based on a principal stress analysis of

an elastic member subjected to axial compression and shear, and in

which it is assumed that failure will occur when the principal tensile

stress reaches a limiting value of 4T . Equation 12 is only applica-
c

ble at points of zero bending moment. The nominal shear strength for

other sections subjected to combined shear, flexure, and axial thrust

should be computed in accordance with the appropriate sections of Chap-

ter 11 of ACT 318-77.

68. Tn general, the R/d of the circular or oblong conduits is
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greater than 2.25. For unusually thick curved members with R/d < 2.25

the effects of member curvature on the stress distributions should be

considered.
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APPENDIX A: DESIGN EXAMPLES

Design of Retaining Walls

Design data

1. Design information for retaining walls is presented in the

following paragraphs.

a. Soil data.

Unit mass of sand (submerged) = 65.5 lb/cu ft
Unit mass of clay (submerged) = 57.5 lb/cu ft

Active earth pressure coefficient for sand = 0.33
Passive earth pressure coefficient for clay = 2.0h

b. Material data.

Concrete compressive strength, f = 3,000 psi
Yield strength of steel, fy = h0,000 psi

Loading diagrams and dimensions

2. The critical loading diagrams and structural dimensions result-

ing from stability analysis of service load condition are shown in Fig-

ure Al.

Design of stem

3. Working-stress design. Referring to Figure A2, the moment at

the base of the stem is

M = (P x 8.5) + (P2 x 8.5) - (P3 x 1.5)

where
Pl = 1x 0.0625 x (25.5)2

= 20.3 kips

P2 = - x 0.33 x 0.0655 x (25.5)2
2 2
= 7.0 kips

P3 = Ix 0.0625 x (45)
2

= 0.6 kips

Thus

M = (20.3 x 8.5) + (7.0 x 8.5) - (0.6 x 1.5)

= 231.2 kip-ft
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Figure A2. Loading diagram for item design

4. The effective depth d required for a given moment can be

calculated by

d

for f = 3,000 psi , f = 0.35 f' = 1,050 psi , and f = 20,000 psi
C C C S

R = 152*

Thus

d231200 x 12
152 ×12

= 39 in.

Obtained from Ferguson 1965.
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The required steel area can be computed by

A = M
S ad

where a = 1.44 for f = 20,000 psi

Therefore

A 231.2s 1.44 x 39

= 4.11 sq in.

Use No. 11 at 4-1/2 in. (A = 4.16 sq in.).

Check shear at d from top of base.

V = o.o625 + 0.33 x 0.0655)(25- I]

-[0.0625(4.5- 19)2 x1

= 20.8 kips

v 20,800 = 44. 4 psi < 1.1NR = 60 psi
= bd 12 x 39

5. Strength design. The factored moment at the base ,f the stem

is

M = 1.9M
u

= 1.9 x 231.2

= 439.3 kip-ft

A



The effective depth d can be determined from the following equation

M = bd2 1 - 0.59P

Use p =0.25 Pb

~0.5 c (87,000= 0.25 "0. 85B 1 fy V, 10 0 + F Y)

= 0.25 [085 x 0.85 x _ 87,0004

= 0.0093

Thus

439.3 x 12 = 0.9 x 0.0093 x 40 x 12 x d I2  - 0.59 x 0.0093 L,0-

d = 37.6 in.

Use d = 38 in.

A = Pbd

= O. ] x

- 1.24 sq in.

Use No. 11 at 4-1/2 in. (A, = 4.16 sq in.)

Cheek shear at d from the base.
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= 1[1.9(0.0625 + 0.33 x 0.0655) x 25.5 - - 1

- [.0625 (4.5 382 2jJ

= 39.8 kips

According to Equation (11-3) of the ACI 318-77

V = 2-" bd

= 23000 × 12 × 38

= 50 kips

Vc = 0.85 x 50

42.5 kips > V
U

Therefore, shear reinforcement is not required.

Design of heel

6. Working-stress design. Referring to Figure A3, the moment at

the face of the support* can be computed as

* Under most loadings, the critical heel moment is at the center line
of the stem steel.

At.



M (29.4 + 28.1 x 655 + 0.525 x (1655)2

22

1 (0.98 + 1.81)(16.55) 16.55(2 x 1.81 + 0.98)2 3(1.81 + 0.98)

1 (2.84)(15.72) x - x 15.722 3

= 475.8 + 71.9 - 210.0 - 117.0

= 220.7 kip-ft
H =29.4 KIPS

F = 28. 7 KIPS

lo76.5S F T r

CONCRETE D-a 5X3.5

0.525 KIPS

1.81 KIPS .....

0.98 KIPS

15. 72 FT

Figure A3. Loading diagram for heel design
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The d required

d ?'220,700 x 12152 - 12

d = 38.1 in.

Use d =38 in.

7. Using h-in. concrete cover, the total thickness of the heel is

T = 38 + 4.5 = 42.5 in. = 3.54 ft

This is satisfactorily close to the assumed thickness of 3.5 ft used

in the calculation of concrete weight.

M
A = -
s ad

_ 220.7

1.44 x 38

- 4.03 sq in.

Use No. 11 at 4-1/2 in. (A = 4.16 sq in.)
S

Check shear at the face of the stem.

V = (29.14 + 28.1) + (0.525 × 16.55)

2 (0.98 + 1.81)(16.55)

1 l ( 2 .-8 ) ( 0 5 .7 ; )
2

= 20.8 kips
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V 20,800 = 45.6 psi < 60 psi=bd" 1 2' x 38 "

8. Strength design.*

M = 1.9 x 475.8 + 1.5 x 71.9 - 1.9 x 210.0 - 1.9 x 117.0U

= 390.6 kip-ft

2(l f \-
Ofybd(1 - 0"59pffj

Use p = 0.25Pb = 0.0093

390.6 x 12 = 0.9 x 0.0093 x 40 x 12 x - 0.59 x 0.0093 x

d = 35.5 in.

Use d = 36 in.

and

A = pbd
s

= 0.0093 x 12 x 36

= 4.02 sq in.

Use No. 11 at 4-1/2 in. (A = 4.16 sq in.)
S

Check shear at the face of the stem.

* A load factor of 1.9 is used for factored base reactions.
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V= 1.9(29.4 + 28.1) + 1.5(0.525 x 16.55)U

- 1.9 x x (1.81 + 0.98) x 16.55

1.9 x 1 x (2.84 x 15.72)2

36 kips

0.85(2 fTT bd)

= 0.85 x 2 x f000 x 12 36

= 40.2 kips > V
u

No shear reinforcement is required.

Design of toe

9. Working-stress design. Referring to Figure A4, the moment at

the face of the support is

M 1 1 2 1 2 752
M = - x 3.06 x - x (5.75 ) + 1 x 3.80 x - x (5.

2 3 3

= 58.7 kip-ft

Therefore

/F- 158.700 12
d = V; 152 x 12.

d 19.7 in.

Use d = 20 in.

Using h-in. concrete cover, the total thickness required for the toe

at the face of the support is

T = 20 4 4.5 .5 i.

A10...... ....



I 5.75FTr

0.54 KIPS ER 0.72 KIPS

0.525 KIPS L O C EE 0.30 KIPS

09.30 KIPS

0.525 KIPS

3.065KIPSPS

4.32 KIPS

3.33 KIPS
BEARING PRESS:URE]

3.06i KIPS E 3.80 K IPS

3.06KIP : : N T: :PRESSURE

I_ 3FT l

Figure A4. Loading diagram for toe
design - working-stress design

All

-4".-,i i •i 
-



IC This thickness is only about 60 percent of the assumed thick-

ness of 4'2 in. used in the calculation of concrete weight. A recalcula-

tion of M and d may be necessary. However, in this design example,

the recalculation is not performed.

11. The steel area required can be determined by

A 
M

s ad

58.7
1.44 x 20

2.04 sq in.

Use No. 11 at 9 in. (A = 2.08 sq in.)
5

Check shear at d from the face of the stem.

V = 1 (3.45 + 3.80) - (5.75 - 3.0)
2

= 10 kips

V 10,000 = 41.7 psi < 60 psi
= 7- = 12 x 20

No shear reinforcement is necessary.

12. Strength design. Referring to Figure A5,* the factored moment

at the support is

M = - x 6.01 x - x (5.75) 2 + I x 7.3 x - x (575)2
u 2 3

= 114.0 kip-ft

u pfybd2( - 0.59P

* A .. .. f , rc n
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Use p = 0 . 2 5 Pb = 0.0093

114.0 x 12 = 0.9 x 0.0093 x 40 x 12 x d 2i - 0.59 x 0.0093 x -
)

3

d = 19.2 in.

Use d = 19.5 in.

A = pbd

= 0.0093 x 12 x 19.5

= 2.18 sq in.

Use No. 11 at 8-1/2 in. (As = 2.20 sq in.)

Check shear at d from the face of the stem.

v = 1 (6.70 + 7.34) x 2.75

= 19.3 kips

= 0.85 x 2i/T bdVf

= 0.85 x 2 x v'30-00 x 12 19.5

= 21.8 kips > V
U

No shear reinforcement is necessary.
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Summary

13. The retaining wall design using both working-stress design

and strength design methods is summarized in the following tabulation.

The depths of the sections designed by the strength design method are

approximately 5 percent less than those designed by the working-stress

design and the steel areas required by the strength design are approxi-

mately 3 percent more than those required by the working-stress design.

Working-Stress

Design Strength Design
d As d As

Area in. sq in. in. sq in.

Stem 39.0 4.11 37.6 4.24

Heel 38.1 4.03 35.5 4.02

Toe 19.7 2.04 19.2 2.18

Design of Members Subject to Combined
Flexure and Axial Load

14. The following design information is given:

a. Overall depth of section, h = 24 in.

b. Distance from extreme compre sion fiber to, centroid of
tension reinforcement, d = 20 in.

c. Width of the section, b = 12 in.

d. Compressive strength of concrete, f' = 3,000 psi
-- C

e. Yield strength of reinforcement, f = 40,000 psi

f. Patio of rirea of tension reinforcement to effective area
u-ri Cugllrt I' t:1 r ': O u %z

. Patio of area of reinforcement to the t'ross c(,ncrete area,
;> = 0. 00('4

h. I'lot iriteract ,ion 1 iar-am for (1) working stress design
per ACT 1 - (AM , (AC strength desigri 1.er ACT
,1'q-77 (ACI ]9 ,a' , aii ( ) stretith dei;iFn per 1'lairt TI

Work in-stresr Iesig r

15. Accordinr to Fiuvit ii, 11-10 rf ACI 31 -("3,

AM5



K
I[

P 0.3411 + p mlf'A
a g g

= 0.34 + 0.0064 0 3)(12)(24)

(1 0.85 x3

- 323.3 kips

16. The bending moment that could be permitted for bending alone,

M = 0.35f'S
f c ut

where

Sut = the section modulus of the transformed, uncracked section

2- b + (2n -1)A - d)2

Mf 0.35(3)( 2 12 24 + (2 x 9.2- 1)

0.00769 x 12 x 20 (24 _ )2]

= 115.8 kip-ft

17. According to Equation (14-8) of ACT 318-63

p'm(d - d') + O.id
(p' - p)m + 0.6

For this design example, p' = 0 , and therefore

O.ld
eb o.6 - pm

0.1 x 20
0.6 - 0.007(9 × 0

(o.8 x3

= 4.17 in.
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The maximum allowable axial load P can be calculated according tomax
Section 1403 of the ACI 318-63

P = 0.85A (0.25f' + f P
max g fs p g

= 0.85 x 12 x 24(0.25 x 3 + 0.4 x 40 x .064)

208.7 kips

18. The allowable bending moment without axial load can be calcu-

lated according to Equation (14-13) of the ACI 318-63: 4

M = o.40A f jd

= 0.40 x 0.00769 x 12 x 20 x 40 x 0.891 x 0

= 526.2 kip-in.

= 43.9 kip-ft

Based on the above calculation, the interaction diagram can be Jlot,,i

in Figure A6.

Strength design, ACI 318-77

19. 4Pu = 0. The design moment strength without axial loIad 4!

can be determined by the following equation:

2(/SMpf bd - 0..,9p.,

= 0.0 x 0.00769 x I 0 x 1 >

x 1- 0.59 X 0.00769 X

= 1248.b kip-in.

= TOY k-ip-f 1

AlT



700 UJ±Z
NOTE

V3,000 PSI

fv 40,000 PSI

b 12 IN.

d -20 IN,

600 h 24 IN.b
p 0.00769

500

d 4"

h

400

a--

200 C31- v

0 "
501010200 250

M, KIP-FT
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20. P = 0.IOf'A = 86.4 kips. Referring t- Figure A7, the de:,t
U Lg

of equivalent rectangular stress block a can be determined from the

following equation:

P
u = 0.85f'ab - A f

0 sy

86.4 0.85 x 3 x a x 12 0.00769 x 12 x 20 x 400.7

a = 6.45 in.

P

uU H-40O.85f 
-

bb

Figure A7. Stress-strain distribution for member subject.

to combined flexure and nxial load

21. The eccentricity measured from the centroid of tension ruin-

forcement e' can be determined from the fo]lowing equation (see

{
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The van ,It ta ' >r :"' Carl be JIeterrir j

Uu

2 ,) Balanced cndi tion. 'Ihe balancedla strcnq-t. 4 n

balanced inonerit. st-reni-th c-an be' comnptt by.*

and

= [.~~fbaQ 4 "I') + A r(7

where

=~ 87,000

.ubstituting the given (esirn irformaot i(,nf

*Obtained from ACI (]Q77Yb).



ab 87,000 x 0.85 x20b = (87,000 + 40,000o

= 11.65 in.

= 0.7(0.85 x 3 x 12 x 11.65 - 0.00769 x 12 x 20 x 80)

= 197.9 kips

=0.7[0.5 x 3 x 12 x 11.65 -- 11.65

+ 0.00769 x12 x 20 x o -4)]

= 1954.3 kip-in.

= 162.9 kip-ft

2 . IM = 0. A 'curd ing to Equation (10-?) of ACI 3.8-77

.n(m x)= 0c0.¢[V'O'A-  
- Ast) + f A t]

= O. 'c ": o.710o.Q , x 11(2 x -7, - 0.00"(9_ , × 1 0

x x1

T -, kii-

'ihe in ,r,!- {.r ii~-,'Y'. f~r ::t t,,. -' L. i , r.r q ' [ ,d 7 ...Y' -



Strength design, hydrau-
lic structures, f = 0.35f'

C c

24. According to Equation 7

PA 0.65(1 + Pgm)fIAg

t

0.65 + 0.0064 x × x 3 x 12 x 24i1 0850x 31

- 618.0 kips

and

MF = 0.llf'bh
2

f c

= 0.11 x 3 x 12 x 242

= 2281 kip-in.

= 190.1 kip-ft

25. The eccentricity at balanced condition eb can be determined

from Equation 6

= p'm(d - d') + 0.ld

e -77p' )m + 0.6

_ .1d (6 bis)0.61 
- p m

= 4.17 in.

26. The Pb and 'M can be determined from eb  and Equation 7:

n- - < I (7 bis)
PA MF--

A22



Substituting

Pn = Pb

WMn = Pb (eb )

= 4.170Pb

PA = 618 kips

MF = 190.1 x 12

= 2281.2 kip-in.

into Equation 7

Pb = 290.2 kips

and

PMb = 290.2 x 4.17 ' 12

= 100.8 kip-ft

The maximum design axial load strength 4P should be computed inn

accordance with Equation 5.

4Pn(max) 00Ag(085f + Y )

(5 bis)

- 396.0 kips

Thc dccig -rmomcnt ctc,-- i"'" benil -1r- fWn onn 'hP r'cnnuted bv

Equation 8

A23



II

M = ppf bd 2 (l - 0"59P
0

(8, his)

= 104 kip-ft

27. Based on the above data, the interaction diagram for strength

design of hydraulic structures is also plotted in Figure A6.

Strength design, hydrau-
lic structures, f = 0.45f'

c c
28. It can be shown that PA 5 eb ' Pn(max) , and M° are the

same as those calculated in paragraphs 21-27.

MF = o.14f'bh
2

c

= 0.14 x 3 x 12 x 242

= 241.9 kip-ft

and Pb can be calculated by

g b +Pbe

Substituting into the above equation

PA = 618 kips

e = 4.17 in.

MF = 241.9 x 12

= 2902.8 kip-in.

A24



then

4Pb 327."1 kips

and therefore

OMb = OPbe

= 113.8 kip-ft

29. The interaction diagram for hydraulic structures with
f = 0.45f' is shown in Figure A8. The interaction diagrams for ACI

C C

318-63 (WSD) (ACI 1963) and ACI 318-77 (ACI 1977a) are also plotted in

Figure A8 for comparison.

Shear Design

Circular conduits

30. The stress analysis of a typical circular conduit (Figure A9)

indicates that the maximum shear force and thrust at a section 15 deg

from the crown (where moment is zero) are 81.25 kips and 162.5 kips,

respectively, under a service load condition. Determine whether shear

reinforcement is required. A l4000-psi concrete is to be used. The

thickness of the conduit as shown in Figure A6 is h8 in. and has a h-in.

concrete cover.

31. Working-stress design. According to Equation (14) of

EM 1110-2-2902 (OCE 1969),

f (f)
c - V

t 2'

where

ft = principal tensile stress

f = average compressive stressC

v = average shear stress

AV 5
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f = 162,500 282.1 psic 48 x 12

81,250 = 155.7 psi
= 35 x 12

f 282.1 (2 )2 + ) 2

ft = 2 i'2 (155.7)

= 69 psi < 2T = 126.5 psi

Therefore, no shear reinforcement is required.

32. Strength design. Since R/d = 11 x 12/43.5 = 3.03 > 2.25

the nominal shear strength provided by concrete, V , shall be computedc

by Equation 12:

V = 1 + . - bd (12 bis)

c

where

N = 162.5 x 1.9 = 308.8 kips

A = 12 x 48 = 576 sq in.g

bd = 12 x 43.5 = 522 sq in.

f' = 4000 psi
c

Thus,

308 8900

S+ 5 522
Vc 4L 0c-d- 0/50

= 233,227 lb

= 233.2 kips

= 0.05 x 233.?

= l;9.2 kis



V = 1.9 x 81.25
U

= 154.4 kips

Since V ( <V , shear reinforcement is not required.u c

Box culverts or conduits

33. For a typical rectangular one-cell reinforced concrete box

culvert (Figure A10), the following design information for the horizon-

tal member is given:

a. Clear span, k = 10 ft

b. Span between points of contraflexure, V = 9 ft

c. Uniform service load, w = 7.2 kips/ft

d. Thrust, N = 14.8 kips

e. Effective depth, d = 24 in.

f. Overall thickness, 28 in.

g. Steel ratio, p = 0.005

h. Concrete compressive strength, f' = 4000 psi

Design shear reinforcement for the horizontal member.

34. Working-stress design. The unit shearing stress of box culvert

can be determined using Equation (15) of EM 1110-2-2902 (OCE 1969).

v 11,000(0.046 + p)( + )

where

V = total shear at point of contraflexure

= 7.2 x 9 = 32.14 kips
2

N/V = 14.8/32.4 = 0.46

9'/d = 9 x 12/24i = )4.5

p = 0.005

f' = L000 psi
C

A,9



(= 7.2 KIPS/FT

. I

I-

5j
U-0

Cdo

+

-~~ i a r

L Q'2 4'-6"

1"7i -b. SHEAR DIAGRAM

Figure Al0. Rectanfulftr one-eel1 reinforced
concrete box cilvert. se tion
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Therefore,

(0.046 + 0.005)(12 0.46) __0_

v C 11,000 (19 45) 14000

= 297.4 psi

V =321400
V = b 12×214 = 112.5 psi

The factor of safety in shear for 3 < V'/0 < 5 is

FS = 1.25 +

= 1.25 + 4 x 24

= 2.38

PC 2.38 = 125.2 psi > v = 212.5 psiFS P.38

Shear reinforcement is not required.

35. Strength design. 'ince 9 /d = 10/" = 5 6 , Equatirin 10 is
t n

applicable, and shear should be checked att, from the ftcv (f'

the support:

- .... • A"-- ,



N
U

A Z
V 11.5 - + _ bd

= (11.5 - 5) x40-0 1 + 83.7 × 12 224

(10 bis)

= 132.6 kips < 2.1 1.5 - bd 248.6 kips

cc

v= 0.85 x 132.6

= 112.7 kips

V at 0.15k from the face of the support is
U n

V = w - 0.15)
U n)

-1.9 x( 7.2 1-. - 0.15 x I~o

= 47.9 kips < Vc

"hear reinforcement is also not required at 0.15 from the face of
n

the support.

Horseshoe-shaped conduits

6. The elastic analysis of a horseshoe-shaped coidui t (Figure Al I

shows that the maximum shear occurs at fection 10. The mor'enl , shenr,

,ITd thrust, at this section are 7 Ri pc-ft, 19.7 kips, and I " kil,:-,

respectively. The thickness of the 2ection 10 is 2.19 ft, nd.1 he 1 f11C ,-

tiye depth is 1.91 ft. Concrete having f' = 4000 psi i.; to be u eId.
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Figure All. Horseshoe-shaped conduit

The steel ratio p is 0.01 . Determine whether shear reinforceme'nt is

required.

37. Working-stress design. Accordingr to Equation (-)of the

ACT 318-77,

+ , Vd

A33



where

V 19.7 kips

Vd - 19.7 x 1.94 x 12
M 37 x 12

1.03

p 0.01

f'= 4000 psi
C

v = V'-000 + 1300 x 0.01 x 1.03
C

= 76.6 psi

19,70019 x 12 x 12= 70.5 psi < vc

No shear reinforcement is required.

38. Strength design. Since the maximum shear occurs at Se'ti r iJ

where moment and thrust also exist, the provision of Section ii.

of ACI 318-77 applies:

v = (.iFj + 2500P bd

and

M = M - 4 d

From the given information

r
M = 7 x 1.9 = 70.3 kip-ft

U

N = x 1.9 =  )1.7 kips

ABI4



V.7 . = x
u

and

N 0 - 9L)

- ..: ip-ft

-+ 2500 x 0.01 )x1 I.9. 1 12c9 .1 .4

= 4- . kips

vc = 0.85 x 143.8
C

= 37.2 kips

Since this value is almost equal to V (37.4 kips), the shear rein-U

forcement is not considered necessary.

Intake structure wall

39. For an intake structure wall (Figure A]:), the followrO,-

information is given:

a. Clear span, k = 14 ft-- n

b. Overall thickness, h = 36 in.

c. Effective depth, d = V'.5 in. = ?., ft

d. Moment at face of support, M - 'Rip-ft

e. Thrust, N = 116 kips

f. Shear at face of support, V = ,93 kips

. Uniform load at compression face, w = 11.2 kips 'f

h. Concrete compressive strenrth, f' =  000 ps i
C

i. Reinforcement ratio, p = 0.006

Determine if shear reinforcement is required.

40. Working-stress method.

a. Check shear at I from the face of the supper.
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Figure A12. Intake structure wall

V = V - wd
d s

= 83 - 11.8 x 2.79

= 50.1 kips

For members subject to axial compression, v may be
computed according to Equation B-)i of ACI 335-77.
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= 1.1( + o.o E-

Ce A, -c

where

N 116,000 = 268.5 Psi
A 12 × 36U

v 1.1(1 + 0.006 x 26101.5)V3000
C

= 157.3 psi

V
d - 50,100 = 124.6 psi < v = 157.3 Psi

bd 12 x 33.5 c

Shear reinforcement is no required.

b. Check shear at points of contraflexure. Since the mcuent
at any point M along the wall can be comrutei by-

x2

M : M +--VxX S X V+
x s 2

The point of contraflexure can be dotermined by lettlinf
M = 0 and solve for x.
x

G = 21+9 + x

x = . f't

The span between points of contraflexure i 'f:
calculated by

; 9' = 9 - Sx

n

"= 11h - 2 × 1.

~= . ; ft

: A ? 7

"h .l



The shear force at point of contraflexure V is

V W
2

11.8 x 5.4 31.9 kips

2

and

V _ 3i,900
bd 12 x 33.5

79.4 psi

41. Since the structural conditions of this intake structure wall

are similar to the box culverts, Equation (15) of EM 1110-2-'902 (OCE

1969) shall apply

(oo46 + p)( 2 + N)
V4PC00 11,000 (9 + 0

where
N/V =116 = 3.6

31.9

92/d =-4 = 1.94
2.79

p = o.0o6

f' = 3000
C

= 11,000 (o.o46 + 0.0o6)(12 + 3.6) f-00
pe (19 + 1.94) 4-00-

= 369 psi
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The factor of safety in shear for £'/d < 3 is 2.0 according to EM

1110-2-2902 (OCE 1969).

V
pc = 369 = 184.5 psi > 79.4 psi

FS 2

42. Strength design.

a. Check shear at d from the face of the support. Since
the intake structure wall is subjected to moment, shear,
and axial compression, the provisions of Section 11.3.2.2
of ACI 318-77 shall apply.

(M) = 19 wd2
ud = Ms

1.9(2499+ 11.8 x 2.79 2.79 -83 2.79)

= 120.4 kip-ft

(V)d = 1.9(V - wd)

= 1.9(83 - 11.8 x 2.79)

= 95 kips

N = 1.9 x 116 = 220.4 kips
U

According to Equation 11-7 of ACI 318-77

m M hu 8 d)

= 320.14 - 220.4 ( 4 x 36 8- 33.5)

= -2923.9 kip-ft
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Since Mm  is negative, V. shall be computed by Equa-

tion (11-8) of ACI 318-77

Vc=3.5 sl bd u+A-
g

~220400
= 3.5r000 x 12 x 33.5 1 + 200× 4×030~00 x 12 x 

= 109.5 kips

pv = 0.85 1 109.5
c

= 93 kips

This value is approximately 2 percent less than the Vu

at Section d from the face of the support and the design
is considered acceptable without shear reinforcement.

b. Check shear at 0.15Rn from the face of the support.
From the given design information

n 11;
d 2.79 5.0 6

Therefore, Equation 10 is applicable:

N

A
V = 1.5- n f, + g bd (10, 1tic)

= (11.5 - 5)V50 + 5-- 10 X I

= 2 ;0.2 kips e 2.1 l.b -- 'n~ bdj = ;kp:

%V = 0.8'× 260.2'

C

= " . k iI[

A40
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The factored shear force at 0.15k from the face of the support carn

be computed:

Vu = 1.9 [V - w(.l5

= 1.9(83 - 11.8 x 0.15 x1)

= 110.6 kips

Since Vu < 4Vc , the shear reinforcement is not requireJ
at 0.15%n  from the face of the support. Pince n/d =

and the intake structure wall is loaded at the compression
face, the provisions for deep flexural members given in
Section 11.8 of ACI 318-77 may be used. According to
Equation (11-29) of ACI 318-77, the nominal shear strength,
Vc at 0 .1 5 kn from the face of the support, can be
computed by

v = 3-5 - 2.5 d) 9 ,f + 2500P bd

where

Sn (0.1(0. )
Mu = 1.9 1s +  n V n015

= 1.9 )Q + 11.8(0.15 110 - 83(0. ) 4

= 191.4; kip-ft

V = 110.6 kips

d = 2.79 ft

f' = 3000 psi

p = 0.006

b = 12 in.

(I = 3-1.5 in.

and

A4l



M
3.5 - 2.5 V- = .0 < 2.5

VVd

U

Therefore

V = 2.0 (.9~f + 2500p -~-bd
C

= 2.0(1.9V000 + 2500 × 0.006

110.6 x 2.'9) 12 X 335

= 103.1 kips

Comparison of this value with the Vc of 260.2 kips com-
puted by Equation 7 indicates that the Vc value computed
by Equation (11-29) of ACI 318-77 is too conservative be-
cause the effects of axial loads on the shear strength of
concrete are not considered by the ACT equrition. "'here-
fore, the ACT equation shall not be used if the (I-'
flexural member is subjected to significant axi- i corpres-
sion, in addition to moment and shear.
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APPENDIX B: COMPARISON OF DESIGN CRITERIA
FOR HYDRAULIC STRUCTURES AND

ACI 318-77 FOR BULIDINGS-
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APPENDIX C: DERIVATION OF LOAD FACTORS AND STRENGTH
REDUCTION FACTORS USING PROBABILISTIC APPROACH

Introduction

1. The purpose of this appendix is to show how the load factors

and strength reduction factors can be determined in a rational manner,

taking into account the inherent uncertainties of the resistances and

load effects.

2. The "first-order" or "second-moment" probabilistic method

developed by Cornell (1969), Lind (1971), Rosenblueth and Esteva (1972),

and others (Ravindra, Heaney, and Lind 1969) was used. This is a

simplified method that uses only two statistical parameters: mean

values and the coefficient of variation of the relevant variables.

Basic Theory

3. If R and U represent the distributions of strengths and

loads, respectively, any given structure will fail if U > 1P . Thus

the probability of failure Pf is the probability that U > R or

Pf = P [(R - U) < 0] (c])

or alternatively

Since Rn 1.0 = 0 , Equation C2 can be expressed as

f 9n(40 < C

14. In other words, the probability of farllure can be jxlre:zc

the probability that. n(P/T) i less than zero. Thi probal Ity i:-

represented by the ;haded area i n I-'i ure i ,i . As .-h(,wn, thY, (11ta e '

Cl

* ~'\



Pf

Figure Cl. Definition of safety index

the mean of kn(R/U) , [kn(R/U)] , with respect to the origin ,n
m

conveniently be measured as a number f times the standard ievia!:,n 0

of Zn(R/U) .

5. If the actual distribution of Qn(R/U) were knuwn, an,! if a

value of the probability of failure could be agreed upon, a comv'let,

probability-based set of desifn criteria could be establis led. !'a> r-

tunately, so much information is not. known. The dio.-tribution .d',

each of the many variables (e.g. material, load) h,, an in'lxac- a '

shape of the distribution of n(R/U) . At btt znly the, ,.'av a ,

standard deviations of the many variables involved in ihd 'u-o.

resistance and the loald effect can be estimated. 11owe.ver, i'

tion is enough to build a first-order approximate It,;! n r, 1,",

stipulating the following desiga condition.

&>



6. Equation C4 can be simplified by using first-order probability

theory as follows:

and

n 

n

R - 2
+U 2

m m

Since aRR m = VR and au/Um = Vu  the coe.'icient o": variation a:

the resistance R and the load effect U , Equation CL b-comes

kn > j i 71+ Vt(C" '

7. To separate the resistance and 1oad terms, Lind (1971) rope.a.i

a linear approximation to the square root term in Equation C7

4VR2+ + V
v .+ Vw LI Ot( R + (v't

where Q is a constant equal to 0.7 . This approxirmati ci. i- ,

within +6, percent for the ranfe 1/2 < V R/VU < " . y t . , '- t

tion, it, i a pos-ible to w-rite Eqution C'T ,;

9n > IduV' + .

m

or

C;

#. ,.



> ( atvR + aV Um > eU (CdO)
U --
m

Rearranging this gives

Rm(e ) > Um  (cii)

This resembles the current ACI 318-77 (ACI 1977a) format in that the
average strength R is multiplied by a factor less than 1.0 and them 

i
average load U is multiplied by a factor greater than 1.0. however,
when the designer uses the code design equations and the specified
strengths, he computes the design strength R rather than the mean
strength R Similarly, the design is based on values of specifiedm

U rather than the mean load U Therefore, and are

defined

Rm = Ry (Ci2)

and

U ( T-Cl::)

then Equation CIlI can be rewritten as

Ry. (e V > Uy, (eaV U) (CIl)

or

R >U x ci)

where is the 7,trength red'uction, f r ... ' a L . a fnnt!f7r'.

Thus

CIA



= yRe ( dCI

and

8eV0

= e U (C1T)
U

Before values of p and ,. can be derived, an appropriate level of

safety defined by the safety index must be defined, and y,, ,

and V U estimated. The choice of 8 and the calculation of -hese

terms will be given it) the following sections.

Choice of Acceptable Probability f Failure

8. There are two ways in which guidance in seiectinc 8 can be

obtained. Relationships given in Equation Cl( and Cfl can be used t-

calculate the value of B corresponding to the !uai factors and stren:-r.

reduction factors in the current codes. If these 8 values and the

related probabilities of failure are felt to be realistic, they can be

used to derive new values of and A, for use in the new criteri.

If not, more appropriate target values of can be selectedt on the

basis of the performance of the current code or engineering jud7.ent.

This approach is called "calibration" since the new criteria are

calibrated or made to agree with a target established by o"sud, e the

old code. This assumes that the load factors in the old cede have been

developed over a long period and represent a glood engineering estimate

of the required safety. Siu, Parioni, and Lind (1975) used this tech-

nique to estimate the weighted average 8 values in ACT {I[-T':

Flexure 8 =*'', T !L. { ]O

Tied coluns 8 u m.?, x ,0 -

"hear 1 = . 10

9. Ther.r shortcominf of cal ibat io , as the ci' ,e'ino , , in,-

the value of P for new c-ortrir is that ih( !,,vel csf ilflov i he

current cod,- will generad .:, v7 y widelfy f, v,n,. e ol' mei, *r

C()



another, as shown by the values listed in the previous paragraph. A

unifoim value of 6 for all structural members is more desirable be-

cause it will provide a more consistent reliability for the new

criteria.

10. An alternative to calibration is to select a probability of

failure comparable to the risks people are prepared to accept in rther

activities. The risks involved in a number of activities are xrece,

in Table Cl.

Table Cl

Risk of Death for Various Activities*

Death Rate per Perscr. r

per year
Those Total

Activity Concerned Population

Motorcycle racing 5 x 103
Mountain climbing 5 x 20-
Mining 7 x 10
Swimming 1 x 10- 2 xlo-

Automobile travel - 3.6 x 10
Airplane travel 1 x 10 5
Fire in buildings 2 x 10-5
Poisoning 1.1 x 10 7
Lightning 5 10-
Vaccinations and inoculations 1 x 10
Structural collapse 3 x 10

during construction -

* From MacGregor (1976).

This method is the advantage of obtaining a desired degree of reliabil-

ity for all structural members. This approach is chosen herein.

11. Table CL suggests that the probability of failure of an RCII

should be about 10-6 per year. This corresponds to about S x ]0-

during the 30-year life of an RC}{S. Assuming normal distributions of

R and U , the probability of failure of 3 x ]0 - will yield a ,

value of approximately h.0 (MacGreg or 1976). A valute of( , )4.0 will

be used.

c6
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Derivation of Load Factors and Strength Reduction Factors

Selection of statisti-
cal properties of variables

12. The properties assumed in the calculations are listed in

Table C2.

Table C-

Statistical Distributions Assumed in Calculations

Mean
Specified in situ Percent o V

Material Strengths M
Concrete strength 4000 psi 3800 psi 0.95 -- .11
Steel yield strength 40 ksi 141 ksi 1.03 -- 0.07

Dimensions E
b-beam, column, in. 12 19.05 l.O0L 0.3 0.0
d-beam, in. 18 17.85 0.992 0.15 0.05
h-column, in. 12 12.05 1.004 0.3 0.0r
As-beam, in.2  2.00 2.00 1.00 -- 0.0(
As-column, in. 2  2.16 2.16 1.00 -- 0.06

Accuracy of Code Equations P
Mu-under-reinforced beams .... i.06 -- 0.0,;

Pu-axially loaded columns .... 0.9 -- 0.

Vc-shear carried by concrete .... 1.10 -- 0.1'

Loadings S
Dead load .... 0.9 -- 0.
Liv e load .... 0 .8 --

Structural Analysi s E
Dead load effects .... 1.0 -- 0.U
Live load effects .... 1,0 -- 0. C

Computation of for flex-
ure of n reinforced conwrole bear

1 . Design strength R . The assumptions in ACI l] C- ! Id be

used to calculate the beam strength (neglectin- 4 ) as

C7



R=M u A sf (d a)

= 2.0 x 40 8 - 2 × 0.85 x 4 1 12

= 113.5 kip-ft

14. Mean strength R . The mean strength can be computed usingm

the mean strengths and dimensions in the equation for M

M TAf

where

a 2.0 x 41 5 105
2 2 x 0.85 x 3.8 x 12.05

M= 2.0 x 41(17.85 - 1.05) 12
U

= 114.8 kip-ft

This value of M must be corrected to allow for errors in the equationu

itself. h"us

R = x x P= 11h.8 x 1.o6m u

121.7 kip-ft

P
m

RR

(C1.2 bfls)

121.7 !0

113.5

15. Coefficient of variation V R  IlTe coefficient of variation

C 8



will be calculated in a number of stages

a. Va/2 - Since a/2 is the product of a number of variables,
the coefficient of variation of a/2 can be computed as
follows.

Va Vf +
= VIA + 2 Vf, + Vb2L s y c

2

S 0.006' + 0.07 + 0.18' + 0.05

= 0.21

a
b. V - Since d - - is the sum of two variables, it is

2
necessary to compute the standard deviation of this term
and then convert that to a coefficient of variation.
Thus

O2 2
0 = 0 +0c

d a d a
2 2

where

o = ( = 1.05 x 0.21a \2a
2 2

= 0.22

a a 0.45 2 + 0. 22 0.50
d-

and

C9



d 7 a
) 2

0.50 =0

17.85 - 1.05

c. V - Because Mu  is calculated as the product of As ,
f ,u and (d - a/2), VMu can be calculated as

VM [V 2 + V 2 +2
u VIA Vf V ()

= o.062 + 0.072 + 0.032

= 0.10

d. - t is necessary to include the effect of the "cecuracy
of the design equation in the coefficient of variaticri

V VM

u P

= 0.10

16. Computation cf . According to Fquation C(

= Ye 
(c* iiX

Ci 0



As discussed in paragraph 12, = 4.0 . The term a will be taken as

0.75 as explained in paragraph 5. Thus

-4.0 x 0.75 x 0.10S=1.07 e

= 0.78

The value of 0 for this particular problem is 0.78. This value of

€ will correspond to the load factors to be developed in paragraph 25.

By calculating values for a range of different properties, a

weighted average value can be obtained

Computation of ¢ for an

axially loaded tied column

17. Design strength R.. The design strength can be calculated by

the following equation.

Po = 0.85f' (A As + (fyAs

= 0.85 x 4 (144 - 2.16) + (o x 2.16)

= 568.7 kips

18. Mean strength R . Based on the mean strengths and dimen-
m

sions, the mean axial ioad capacity is

P = 0.85 x 3.8 (12.05 x 12.05 - 2.16) + (4a x ,.16)

= 550.6 kips

Aain, this value must be corrected to allow for errors in 1,- 1 Ti I

itself. Thus

R = P x 1--= 550.6 x0.9

S~ ( .

C '2 1



and

m = 539.6
R T 5687.7

0.95

19. Coefficient of variation V . 'he -strenvth of the axially

loaded column is the sum of the load carrici by the concrete r and
C

the steel P . The coefficient of variLion -)f 1 and 1' will bes s

evaluated separately.

a. Vp and o1,
c

V ' V

= J(.]." + . + .l,'

= 0.19

The standard deviation of the load carried by th. con-r,.,
is

op = Vp × Tc
c c

= 0.19 x )4(2 = 17.8 kips

b. V and a .

C12
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V = V + V 2

s y st

2 2= 0.07 + 0.06

= 0.09

and

ap= 0.09 x 88.6 = 8.? kips

c. V, and a. ?ince P is a sum, a values must be
0 0

combined to get op

0

IP = P P

= 87.82 + 8.22 = 88.2 kips

Thus

Vp = - 88."- - -2
550.6 =

.16

Again, this must be adjusted to allow for errors in the
equation used to compute P

0

V + V = + ,). = 0.1"

~~CI



20. Computation of ) . According to Equation C16

-6ciVR

= YRe

-Ii.0 x 0.75 x 0.17 (c16 bis)=0.95 e L

= 0.57

The value of 4 for this particular example is 0.57. Before a final

value can be chosen, a number of different column sections, including

eccentrically loaded columns, must be studied.

Computation of 4) for shear

21. Design Strength R.

Vu =2 fi 1Wbd

2 x OT400 x 12 x

1000

= 27.3 kips

m

V = 2 x 1 2.05 .
u 1000

P 26.5 kip:

P = V xc = x 1.10

an n(I

an(d



29.2 = 07
R 27.3 1.

23. Coefficient of variation VR

V = V2 , + Vb2 + Vd
2

C C

= 0182 + 0.05 + 0.05 = 0.19

V= VV  +

C

= /0.19 2 + 0.15 2  0.

24. Computation of . heferring again to Equation I'

= Re  (c16 is)

- . x n.,7, x f. 4
= C UI(

= 0.5?

Computation of load fac-
t.ors f'or dead and live l oads

25. The derivation of ), will be buased r(n ',u t. I w I

PlU (= 1 Th 1"

hu.l, 1] U + ]I. wh.rO  i o' h" I' an ~ !, 'r', s:,.mtt., vl'rifdK'] ; :. U'-I

cause;r th coef'fj 0 ei(rg, 2 Vr W'~t]i 1' i. 5 anal s:] ( r'.' ;] I - 'har. i, t! l



L ,it is desirable to separate these.

Since

U i = UYu (C13 bis)

Equation C17 can be rewritten as

aV

yu = u e u (c18)

x

Using the first two terms of the series expansion for e gives

aV

U e u (D + L)(1 + aV) Dm 

U

(D + Lin( + 2__ 2

i(D + L ) + a Ta ' D m. + a

or

U e u - DI + 6a V + L. + C9VI

The parentheti-al terms in Equation C19 can be rewritten in exponential

form for consistency, givinF separate load factors for 1, and L

(6ri' VL
Ai = L Ll ( -"])

ci i



26. Derive XD"

B2V

D  - V De  (C20 bis)

The term VD  is affected by variations in the load VSD and variations

due to standard analysis VED * Thus

v= VsD2 2
VD SD + VED

= 0.15 + 0.102 0.18

Therefore

4.0 x 0.75c x 0.18AD 0.9 e

27. Derive XL

L

o,-~ "h

x L L Le  L(C2i bis)

where

L SL EL

= O.K + 0.2 = 0.36

x O.F 0 X 0. X

1= i:.



28. Other load combinations. The above derivation was limited to

the combination of dead plus live loads. Similar analyses are required

for other loading combinations.

Discussion

29. Load factors and strength reduction factors derived from these

particular examples compared to those specified in Part IT are summarized

in the following tabulation.

Specified

Calculated Calculated Values for
Factor Values Values x 1.11 DesiGn

Dead load 1.35 1.50 1.50

Live load 1.80 2.00 1.90

for flexure 0.78 0.87 0.90*

for tied columns 0.57 O.C3 0.70*

for shear 0.52 0.58 0.F5"

Same as ACT 318-77 (ACT 1977a).

The calculated values, except for shear, are very close to those sneci-

fied in Part IT. The strength reduction factor for shear given in ACI

318-77 appears to be inadequate; the 0,85 value is insufficient to

account for the large coefficient of variation in shear resistance.

197R).

30. M-uch more extensiv,- :tli i . ' var;on : so. ,- ''.:a.>. , -.-

inforcinr, ratios, and live to dead .a r1i'] .. c o a>c ,' ''

load factors and @ factors can be dot ',,:. 1-,.. .V(O', the Ii]naJ

values are expected to be .imilar to, t n ncc ivo in a s ca I.

Shortcomings of First-Order Probabilistic Iroc'dyic

31 . According to Macjr gFor (0970), there ace f'oar a',: c I, - --

cominfgs of the first-orde:r probabli itic proctdure ua,-i _ ' , ,

load and strength reduction fact-r,--.

(:1 ,



a. The procedure is only as good as the data used in the solu-
tion. This is a problem to all procedures. tat4stical

data of the type required are not widely available.

b. The procedure assumes that specific probabilities o' fala-
ure can be evaluated. Since this calculation depens on
a knowledge of the extreme ranges of the strength Jiotri-

butions that are not adequately known, the computed

probabilities of failure could differ from the actual
values by as much as a factor of 10.

c. Failure of the structure is assum,.ed to occur when one

cross section or element reaches its capacity. For a
weakest-link structure such as a truss, failure w,. ocu

when the weakest of many elements is overloaded.7,F3r
ductile indeterminate structure, loa:s wil] be lldstrituc-
from section to section before the entire ztructure fai*o'.

The solution will tend to overestimate the -afety i' tke

first case and underestimate the second.

d. Only failure by known overloads has been considered.

Causes of failure such as gross error, fire, or exscn

have not been considered.

32. In spite of these shcrtcomin.s, the first-crder rrobabilistic

procedure used in this appendix pro:vides a rational procedure for

estimating safety factors and should be used to derive ba i ani ,e, ,

reduction factors for T,}S.

Recomended Future Studies

33. It is envisaged that the following efforts are

a rational procedure for derivation of load and stre:. -t.

tors can be realized:

a. Collect data on statistical distribut_:

Exteinsive dan o-f the type rrmmar , "
rollecteJ for each cravonnLt. 'o "
RCiiS. in addition, data mus, be, I:' ,

about typiral deal, live, and w7.:,

water pressures in a-, a w ! :
strengths and steel percent'e-,

can be used for 1ho nor.c m'

b. Determine theoretical ,in 1 ,

Pro ,durer fo-, calcu atu ! r~~musi bec 1:,ler. f,. arI! . 0'r

los IIl anie] l a• Ii•,.•:ll1.1i i
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theoretical equations should be as definitive as necessary
to accurately estimate the true member strength.

c. Calculate YR and Vg for various structural actions.
Values of YR and VR must be calculated for flexure,
column cross sections in combined bending and axial load,
slender columns, shear, bond, and deflections, and possibly
for cracking. For some members these terms can be computed
using direct statistical methods similar to those outlined
in this appendix. For other members such as column cross
sections or slender columns, the interaction of the vari-
ables is more complex and a Monte-Carlo simulation tech-
nique must be employed to estimate YandV

C20



APPENDIX D: DERIVATION OF MAXIMUM TENSION REINFORCEMENT
RATIO FOR FLEXURAL MEMBERS

1. With reference to Figure Dl, the equilibrium between external

and internal bending moments M at working stress, can be expressed as

M - f kjbd2  (Dl)
2 c

kd~
C2 C I fckdb

dk

-- :_'T =A f,

Figure Dl. Stress and strain distribution,
working-stress design

The minimum d required for working-stress design (WSD) can be obtained

from Equation D1

d - - (1)2)

where k and j are the values for the balanced WSD stress condition.

2. From Figure D2, the factored moment strength M can be written
u

as

Mu = [Asf (d - (D3)

Dl



0.85f'a

ic

L b

Figure D2. Stress and strain distribution,

strength design

and

Af pfd
a M fb 03f (D4~)C C

c c

By substituting the value of a obtained from Equation '4 and substi-

tuting pbd for A into Equation D3
s

M u pf ybd 2 (l -0-59P #) (D5)

Thus

M
d -u (D)¢fy -059P fYb

3. For an equivalent design, Equation D2 should be equal to Equa-

tion D6, and therefore

D2



2M = u (D7)cokjb Opf( 0.59P) b

For hydraulic structures

M U 1.9 M (D8)u

f = 0.35 f' (D9)C C

€ = 0.9 (DlO)

f= hO ksi (DlI)Y

Substituting Equations D8-Dll into Equation D7

24oj72p - 0.59P 0.67f'kj (DI2)

cc

The tension reinforcement ratio for equivalent design p can be ob-

tained from Equation D12 for given f' , k , and J . Table D1 shows
c

the p and P/Pb values for various ' . It can be seen that P/Pb

varies from 0.23 to 0.29. The value of 0.25 is recommended for design

of hydraulic structures. For conduits or culverts, the allowable con-

crete stress fC is 0.45f' . Substituting this value together withc c

Equations D8, D10, and Dll into Equation D7

72P1 - 0.59P -'= 0.86f'kj (D13)

The p values for conduits or culverts for various f' are given in
c

Table D2. The P/Pb varies from 0.36 to 0.42. The recommended value

of p for conduits or culverts is 0.375Pb

D3



Table Dl

Tension Reinforcement Ratio for Equivalent

Design of Hydraulic Structures

V 0.35f'
C c b**

ksi ksi k J* _

3 1.050 0.326 0.891 0.0086 0.0371 0.23

4 1.400 0.359 0.880 0.0128 0.0490 0.26

5 1.750 0.383 0.872 o.0169 0.0582 0.29

* Obtained from American Concrete Institute (1965).
** Obtained from American Concrete Institute (1977b):

f,

Pb = 0.8581 - 87,000
b 1.8s i f y87,000 + f

y y

Table D2

Tension Reinforcement for Equivalent Design

of Conduits or Culverts

f' 0.45f'
c c 0 P/P

ksi ksi k* . _b

3 1.350 0.383 0.872 0.0134 0.0371 0.360

4 1.800 0.419 0.860 0.0195 0.0495 0.393

5 2.250 0.444 0.852 0.0257 7.0582 0.142

Obtained from American Concrete Institute (1965).
* Obtained from American Concrete Institute (1977b):

0. °8501 " 87'000
b I -f y# 87,000 + fy

D4i
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